(21), but little is known of the neural networks which incorporate sensory information into a respiratory motor response. Anatomical (7, 14) and neurophysiological (3, 8, 9, 19) evidence place the projection of visceral afferents in the IXth and Xth cranial nerves principally onto neurons of the ipsilateral nucleus of the, tractus solitarius (NTS). A concentration of inspiratory neurons has been located in the ventrolateral portion of the NTS (2, 12). Many of these neurons project to the spinal cord and probably serve as the primary rhythmic respiratory drive to the contralateral phrenic motoneurons. In 1957, Torvik's (24) anatomical studies of NTS neurons led him to suggest the existence of a disynaptic neural circuit between cranial nerve afferents and the contralateral spinal respiratory motoneurons. However, an evoked lateral&d reflex response in spinal respiratory motoneurons following cranial nerve stimulation has never been reported. Biscoe and Sampson (4) did not observe a lateralized response in the phrenic nerve (PHR) when they electrically stimulated the glossopharyngeal nerve (GLN), superior laryngeal nerve (SLN), and carotid sinus nerve (CSN), while recording unilaterally from the PHR. However, they did report a short-latency inhibition of PHR inspiratory activity following a single electrical stimulus to any of these nerves. Nail et al. (18) reported GLN electrical stimulation produced only a delayed (latency 15-30 ms) evoked PHR response which they associated with the sniff or aspiration reflex in the cat. Megirian (15) electrically stimulated the SLN and could only find inhibition of PHR inspiratory activity.
Our objective was to demonstrate the presence of a paucisynaptic neural reflex pathway as suggested by To&k's anatomical observations. We electrically stimulated three cranial nerve afferents at different intensities and frequencies while recording bilateral PHR activity. We used signal averaging in order to compare the responses in both PHR. We stimulated the pharyngeal branch of the glossopharyngeal nerve (PGLN) which carries sensory information from the epipharynx (17), the internal branch of the superior laryngeal nerve (ISLN) which carries sensory information from the larynx (5), and the CSN possessing both chemo-and baroreceptor afferents (10). Also, we investigated the inhibition in PHR activity, and the delayed excitation reported to be present with PGLN stimulation (4, 18). We found a predominant and consistent short-latency contralateral PHR excitation in response to both PGLN and ISLN electrical stimulation.
This was followed by a bilateral inhibition of PHR activity and then at higher intensities, a delayed excitation. Stimulation of the CSN did not result in any lateralized evoked responses, although in some cases stimulation weakly evoked the PHR bilaterally.
METHODS
We used 19 adult cats anesthetized by intraperitoneal injection of chloralose-urethan (40 and 200 mg/kg, respectively).
Procedures. We cannulated the femoral artery and vein. We made an anterior midline incision in the neck extending from approximately the sternum to the mandible. We cannulated the trachea, and then ligated and transected the trachea and esophagus above the tracheal cannulation.
The upper portions of the trachea and esophagus were reflected rostrally to expose the various nerves for stimulation.
We identified and dissected free from the surrounding tissue the ISLN, PGLN, and CSN. In each case the nerves were bilaterally dissected and cut as distally as possible. We gave special consideration to obtaining a long piece of CSN to minimize current spread from the CSN to the GLN (see RESULTS). Typically the CSN was dissected from its entrance into the carotid body to its union with the GLN. We isolated and cut distally both PHR for recording. During the experiment we paralyzed the animals with gallamine triethiodide (5 mg/kg per h iv) and ventilated them at 40 breaths/min.
RESULTS
We continuously recorded tracheal Pco2 using an infrared analyzer (Beckman LB-l) and maintained endtidal Pco2 at approximately 35 mmHg by introducing CO, into the inspired gas and/or altering tidal volume. We also continuously recorded arterial blood pressure and tracheal pressure. Rectal temperature was measured and maintained at 37 t l°C using an infrared heat lamp.
Nerve recording and stimulation. We desheathed all nerves and covered them with warmed mineral oil. We recorded bilateral whole PHR activity using bipolar platinum wire electrodes. A monophasic neural signal was produced by crushing the whole PHR between the two wires of the bipolar electrode. These signals were amplified and filtered (lo-10,000 Hz) on an AC preamplifier (Grass model P 15) and displayed on a dual-channel CR0 (Tektronix type 565). The signals were also recorded for subsequent data analysis on two channels of an FM tape recorder (AmpexSP700).
Integrated PHR activity was measured using a "leaky integrator" circuit and recorded on a polygraph (Grass model 5). We stimulated the desheathed nerves with bipolar platinum wire electrodes using a stimulus isolation unit driven by a stimulator (Grass model S44). All stimulus pulses were rectangular monophasic and of 100 ps duration. Trains of stimuli were applied during either inspiration, expiration, or continuously.
Stimulation
Audio monitoring of PHR activity was used to determine the phase of respiration. The PGLN and ISLN were stimulated at 10, 20, 50, and 100 Hz at intensities (typically less than 2 V) sufficient to evoke activity in the PHR. The CSN was stimulated at 10 and 50 Hz, at intensities (usually less than 10 V) which produced changes in integrated PHR activity and arterial blood pressure when the stimulus was applied continuously for a number of seconds. Data analysis. We measured and compared off-line evoked bilateral PHR responses using a computer of average transients (Mneumotron CAT model 1000). We adjusted the amplitudes of the tape-recorded PHR monaphasic signals so that both were equal for a given animal. We found that these adjustments were small since the initially recorded PHR signals were approximately equal in magnitude.
The two balanced PHR signals were then simultaneously fed to the CAT whose sweep was externally triggered to begin 2.3 ms prior to the stimulus.
PHR activities were averaged for 30 stimuli and then the averaged results displayed and photographed on a CRO. The degree of evoked excitation or inhibition could be determined and comparison made between right and left PHR evoked activity from the amplitude of the CAT output. In Only at high stimulus strengths can responses in the PHR be evoked during expiration.
The early contralatera1 excitatory and bilateral inhibitory responses cannot be evoked; only the delayed bilateral evoked response occurs (Fig. 1C) . frequencies up to 50 Hz, both the contralateral early evoked response and the bilateral delayed evoked excitatory response are present. At 100 Hz an excitatory response occurs only in the contralateral PHR and the latency from the stimulus to the response is similar to the early response observed at lower stimulation frequencies. Stimulation of internal branch of superior laryngeal nerve (ISZJV). We stimulated right and left ISLN in 13 cats. Some characteristics of the evoked-response patterns were similar to those found with PGLN stimulation, although we found important differences. As with PGLN stimulation, low-intensity ISLN stimulation produces a short-latency contralateral excitation, which occurs even sooner than the PGLN evoked response ( Fig. 2A and B) . In the 13 animals studied this early contralaterally evoked excitation occurred with a mean latency to onset of 3.8 ms * 0.1 SE and a latency to peak of 4.9 ms t 0.2 SE. Again, the predominant, and in many cases total contralateralization of this early excitatory response occurred in all animals where we bilaterally stimulated and compared the evoked response. As the intensity of the stimulus is raised the amplitude of the lateralized evoked response is diminished (Fig. m) . This corresponds with a decrease in the ongoing PHR respiratory activity found with higher intensity ISLN stimulation. IO The early excitation is followed by bilateral inhibition of the ongoing PHR activity (Fig. 2Z3) . This inhibition is similar to that recorded after PGLN stimulation.
As the intensity of ISLN stimulation is increased, this inhibition is not converted into a bilateral delayed excitation as seen with PGLN stimulation.
Instead, the inhibition remains and increases with stimulus intensity, and only at high intensities did we find the occurrence of a postinhibitory delayed bilateral excitation.
Stimulation of the ISLN during expiration does not result in an excitatory response in the PHR, and fails to evoke the delayed excitatory response even at intensities up to 50 times threshold for the early excitatory response evoked during inspiration.
of carotid sinus nerve (CSN). Initial attempts at bipolar electrical stimulation of the cut distal end of a CSN usually resulted in PHR evoked-response patterns similar to those found with PGLN stimulation. Since Biscoe and Sampson (4) had already reported that inhibition and delayed excitation followed both GLN and CSN stimulation, our initial finding of a lateralized early evoked respnse to both CSN and PGLN stimulation seemed reasonable.
However after attempting to relate the effects of CSN stimulation to increases in integrated PHR activity and arterial blood pressure changes it became apparent that current spread from the stimulating electrodes on the CSN was simultaneously activating fibers on the GLN even at low stimulation voltages (l-10 V). Figure 3A shows the development of a short-latency compound action potential recorded from the cut end of the PGLN while stimulating the ipsilateral CSN with a bipolar stimulating electrode. Stimulus intensities which produced activation of nerve fibers in the PGLN also resulted in evoked activity in the PHR similar to that found with direct stimulation of PGLN (Fig. 3B) . These results show that even bipolar electrical stimulation of the CSN can easily activate fibers in the PLGN.
The early evoked excitatory response can follow stimulation frequencies of at least 100 Hz, while the delayed bilaterally evoked excitation cannot follow stimulation frequencies much above 20 Hz (Fig. 2C) .
To minimize the effects of current spread we took the following steps. 1) We cut the CSN at its entrance into the carotid body and dissected free from the surrounding tissue as long a piece of the CSN as possible, including separating it somewhat from the GLN cranial to the point where the CSN joins the GLN. 2) We placed the bipolar stimulating electrode as far distal as possible on the CSN. 31 We placed a grounded e1ectrod.e on the CSN proximal to the bipolar stimulating electrode. 4) While stimulating the CSN we simultaneously recorded from the cut distal end of the PGLN and only considered those results in which there was no apparent activation of fibers in the ipsilateral PGLN. 5) Activation of CSN chemo-and baroreceptors by electrical stimulation should result in reflex changes in integrated PHR and arterial blood pressure (10). After steps l-4 were completed we only-considered those results in which continuous stimulation of the CSN caused these reflex changes. We successfully met these five conditions with eight CSN in six cats and stimulated these CSN at various intensities and frequencies.
With all eight CSN, various combinations of stimulating voltages and frequencies did not evoke lateralized responses similar to those observed with either PGLN or ISLN stimulation.
However, CSN stimulation did result in increased integrated PHR activity and at higher stimulus intensities a marked depressor response ( Fig.  4A and B) . We did observe two distinct types of delayed bilaterally evoked responses. In five of the eight cases, stimulation at 10 Hz produced a weak delayed bilateral response which was absent with stimulation at 50 Hz (Fig. 4A) . In three of the eight cases there were shorter latency weak bilateral responses which included an early inhibition and excitation similar to those with PGLN stimulation (Fig. 4B ). In these three cases there was no apparent activation of simultaneously recorded PGLN fibers although we could not exclude activation of other fibers in the GLN or fibers in the PGLN which were damaged proximal to the recording electrode. It is important that even in these three of eight cases there did not appear to be a short-latency lateralized evoked response to CSN stimulation.
Effects of strychnine and picrotoxin. We tested the effects of intravenously administered strychnine hydrochloride (0.1 mg/kg, 10 cats), and picrotoxin (0.5 mg/ kg, 2 cats) on the evoked PHR response to PGLN and ISLN stimulation.
In all cats these dose levels produce convulsive discharge patterns in the PHR, but ongoing PHR respiratory activity was maintained. A supplementary dose of strychnine (0.1 mg/kg) given to 6 of 10 cats about 10 min after the initial dose did not alter the evoked response found following the initial dose. Strychnine caused the short-latency lateralized evoked excitation in response to PGLN stimulation to be enhanced, while the subsequent bilateral inhibition was maintained, and the delayed bilateral excitation markedly diminished (Fig. 5A) . Strychnine caused little change in the evoked pattern produced by ISLN stimulation (Fig. 5B) . Picrotoxin did not alter the evoked response produced by stimulation of either nerve (Fig. 5C  and D) . DISCUSSION Visceral afferents in the IX and X cranial nerves have been shown to innervate neurons in the ipsilateral NTS (3,7-g, 14,19) . Some of the NTS neurons are inspiratory neurons which project to and probably directly drive contralateral PHR motoneurons (2, 12). As mentioned previously, Torvik (24) suggested that there was anatomic evidence for a disynaptic reflex pathway which involved IX and X cranial nerve visceral afferents, ipsilateral neurons in the NTS, and contralateral spinal respiratory motoneurons.
Our results demonstrating a contralateralized short-latency evoked response in the PHR following electrical stimulation of ISLN and PGLN provides neurophysiological evidence for this reflex pathway.
This conclusion is based on the short latencies of the lateralized excitation which indicates a paucisynaptic (likely disynaptic) neural circuit. This is supported by previous studies of conduction times within this neural circuit compared with our overall conduction time measurements.
Rudomin (19) has shown that the antidromic conduction time from the ipsilateral NTS to the SLN was, on the average, 1.2 ms. Cohen et al. (6) using cross-correlation analysis have shown that inspiratory neurons in the ventrolateral NTS project to the contralateral PHR and the latency of spike activity of these neurons to the onset of contralateral PHR activity had a range of 1.5-2.4 ms. Thus, the overall conduction times between SLN afferents and contralateral PHR responses, excluding a central excitatory synaptic delay within the NTS, should range from 2.7 to 3.6 ms. Inclusion of a 0.5ms chemical synaptic delay results in a latency range of 3.2-4.1 ms. Our measurements
show an average latency of 3.8 ms for ISLN stimulation to PHR response. This A. J. BERGER AND R. A. MITCHELL value lying in the middle of the calculated range substantiates the possibility that an excitatory synaptic pathway involving just two synapses and threeneurons was activated by ISLN stimulation.
Biscoe and Sampson (3) commented that in one experiment the earliest field potential observed in the NTS after GLN stimulation had a latency of 2.7 ms, and if we apply similar reasoning with respect to conduction and synaptic delay times as mentioned above, the range of calculated overall latencies for GLN stimulation to contralateral PHR response is 4.7-5.6 ms. Again, our measured conduction latency from PGLN to evoked PHR response of 5.2 ms lies within the range of a disnaptic neuronal circuit. Therefore, our results from both ISLN and PGLN stimulation suggest the existence of a simple disynaptic excitatory reflex pathway involving cranial nerve afferents, respiratory neurons within the ipsilateral NTS, and contralateral PHR motoneurons. These results also suggest that primitive visceral reflexes associated with the pharynx and larynx may involve very simple neuronal circuitry. Our ability to demonstrate this lateralized response while others (4, 15, 18) have failed to observe this effect is probably due to our methods of simultaneous bilateral PHR recording and comparison following signal averaging.
Our results have shown also that a similar lateralized excitation does not follow stimulation of the CNS. By associating the stimulation conditions with the effects on integrated PHR activity and arterial blood pressure changes we can be certain that we have activated both chemo-and baroreceptors.
Yet stimulation of the ipsilateral NTS has been shown to antidromically evoke activity in the CSN (8). Davies and Edwards (9) found that stimulation of the GLN did not give early field potentials in the same locations as did CSN stimulation. This latter result, along with our inability to activate an overall lateralized response, suggests that CSN afferents may not directly excite contralaterally projecting NTS inspiratory neurons. Another explanation of our findings is that since we are observing overall inputoutput relationships, CSN excitation may not be sufficient to excite large numbers of projecting neurons and, therefore, we could not observe the lateralized response. However, our method of signal averaging should have unmasked this neural connection.
We have demonstrated that care must be exercised in obtaining and interpreting data from CSN electrical stimulation.
Spyer and Wolstencroft (22) have shown that CSN stimulation may lead to activation of fibers in the hypoglossal nerve via current spread. We have shown that spread and activation of the GLN occurs quite easily and could confuse results which are obtained since the reflexes produced by GLN and CSN stimulation are different. In the cat, PGLN stimulation produces what has been termed the sniff or aspiration reflex (1, 17, l&23 ). This reflex is produced by mechanical stimulation of the epipharynx and involves strong diaphragmatic contractions with each stimulus, as well as hypertension.
This reflex can occur with stimulation during both inspiration and expiration.
On the other hand, CSN stimulation results in a smooth increase in PHR activity and this effect has been shown to be ab-sent with electrical stimuli delivered only during expiration (11). In addition, higher intensity CSN stimulation leads to little increase in integrated PHR activity but a marked systemic hypotension due primarily to activation of baroreceptor C fibers (10, 13).
The bilateral inhibition of ongoing PHR inspiratory activity which we observed following both PGLN and ISLN stimulation has been seen previously with unilateral PHR recording (4,15). The results of our study have shown that this inhibition occurs bilaterally, and has approximately the same intensity as the -1ateralized early evoked response. It is possible that the same afferent fiber group is involved in producing both evoked responses.
Biscoe and Sampson (3) have convincingly shown that the PHR inhibition does not arise from activation of an inhibitory synapse impinging directly on PHR motoneurons, rather the inhibition results from some form of central disfacilitation in inspiratory activity.
We believe that the neural networkmodel-of the dorsal respiratory group (DRG) proposed by Baumgarten and Kanzow (2) provides an explanation for our observation of a bilateral inhibition following lateralized PHR excitation.
Baumgarten and Kanzow (2) proposed that the DRG was composed of two types of inspiratory neurons (Fig.  6) . We have renamed these the I, and I, ccl ls to better signify their inspiratory discharge pattern (i n the original model these were called R, and RP cells, respectively (Fig. 6) .
We observed that convulsive doses of strychnine did not alter the bilateral inhibition found with either PGLN or ISLN stimulation indicating that the inhibitory synapse may be strychnine resistant. Such resistant synapses in the CNS have been described by Ryall et al. (20) . Our results differ from those reported by Biscoe and Sampson (4). They reported that in an unspecified number of cats the inhibition was blocked by similar doses of strychnine. We have no explanation for this discrepancy other than we used signal averaging to enhance the evoked effects which may yield more valid comparisons.
We have shown that high-intensity stimulation of the PGLN leads to a bilateral delayed excitation in the PHR. This excitation increases with increasing stimulus intensity. Based on PHR unit recordings ipsilateral to the stimulus, Nail et al. (18) reported that the latency from GLN stimulation to an evoked response in PHR units ranged from 15 to 30 ms. In our studies we found a latency to onset and end of this delayed excitation of 18.7 t 0.7 and 31.4 ms t 0.9 SE, respectively. These values are almost identical with the range of values reported by Nail et al. (18), who also made the association of this delayed excitatory response with the aspiration or sniff reflex. We find it important that the sniff reflex occurs at intensities which are much higher than those which cause the early lateralized response and the bilateral inhibition.
It is likely that this is a consequence of the sniff reflex arising from activation of a higher threshold afferent fiber group. In addition, the delayed bilateral excitation being evoked by stimulation during either expiration or inspiration, while the contralateral excitation can only be evoked during inspiration, suggests that some form of gating of the early excitation takes place either at the NTS or PHR levels, or both. These results along with the different effects of strychnine on the early contralateral response and the delayed bilateral excitation can be interpreted as indicating that the two forms of excitatory responses arise from different intracranial neural pathways and not just different threshold fibers in the PGLN.
